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COHESION, INTERNAL PRESSURE, ADHESION, TENSILE 

STRENGTH, TENSILE ENERGY, NEGATIVE SURFACE 

ENERGY, AND MOLECULAR ATTRACTION 

By William D. Harkins 

Kent Chemical Laboratory, University op Chicago 

Communicated by W. A. Noyes, October 14, 1919 

Work of adhesion. — For the past seven years I have been engaged in 
the study of molecular attraction from a new point of view, as repre- 
sented by a thermodynamic equation which does not seem to have been 
developed before, in spite of the fact that it is exceedingly simple. It 
gives what may be called the total adhesional energy (E A ), or the total 
energy involved in the approach of two unlike surfaces. The equation 
developed by Dupre 1 in 1869 gives the adhesional work (W A ), which is 
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the amount of work involved in the process, which is equal to the 
decrease of free energy during the approach: 

W A = — A? = 71 + 72 — 7i,2 (1) 

where 71 and 72 give the free energy of the two unlike surfaces before 
their approach, and 71,2 is the free energy of the interface. 

It has been shown by Hardy, 2 and by Harkins, Brown, and Davies, 3 
that the adhesional work between organic liquids and water is repre- 
sented by values which are characteristic for each class of organic com- 
pounds. Our own work indicated also that at the interface between 
water and an organic liquid, any groups in the latter which contain 
oxygen, nitrogen, or either triple or double bonds, are oriented toward 
the aqueous phase, while the hydrocarbon radical turns toward the 
organic liquid. This orientation is of great importance in connection 
with either the adhesional work or the adhesional energy, since its 
result is to increase the adhesion between such an organic liquid and 
water. Further facts which are in accord with this theory of orienta- 
tion, also developed by Langmuir, 4 are presented later in this paper, 
in the section on negative surface energy. 

Work of surface cohesion. — Since 7 is zero when the two liquids become 
identical, the Dupre equation reduces to 

w sc = -At = 27 (2) 

where W sc represents the work of the surface cohesion. The free 
surface energy (7) is usually measured in ergs per square centimeter. 
It is evident that W S c is the work necessary to break a bar of liquid 
or solid with a cross section of 1 sq. cm., in such a way as to give two 
plane surfaces of 1 sq. cm. each, that is the break must occur perpen- 
dicular to the long axis of the bar. This amount of work is clearly that 
which would be done in the determination of the tensile strength of a 
steel or other metal bar, if the test could be carried out under ideal 
conditions, which are that the bar during the test must remain of uni- 
form cross section, and the break must occur in such a way as to give 
two surfaces which are as closely plane as the surface of a liquid, though 
in the actual tests this condition is not met, since the bar is much dis- 
torted. The work of surface cohesion may therefore be called the 
tensile work (W T ). This is equal to the tensile force integrated through 
the distance necessary to pull the two surfaces completely apart, or 

F T ds = 27 

So 
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Energy of adhesion. — The equation developed by me gives the total 
adhesional energy (E A ), and is as follows: 

E A = -AE S = (ti + h) + (72 + h) - (71,2 + M (4) 

The energy of adhesion is equal to the total surface attraction, (r") due 
to molecular attraction, integrated through the distance necessary to 
pull the two surfaces completely apart, or 



/»CO 

= tt" ds = Ei 
Js» 



E A = tt" ds = Ei + £ 2 - £1,2 (5) 

The only experimental results which have been obtained in connection 
with equation 4 are those of experiments by Dr. E. C. H. Davies and 
Mr. Y. C. Cheng as carried out under my direction. This seems to be 
the first work aside from that on the heat of adsorption, which bears 
very directly on the molecular attraction between unlike substances. 

Energy of surface cohesion. — When the two liquids become identical 
equation 4 reduces to the form 

E sc = -AE S = 2 (y ■ + /) = 2 E s (6) 

It is evident that the total energy of surface cohesion is equal to the total 
tensile energy (E T ), or 

E r = -AE S = 2E S (7) 

Thus the total energy used in pulling a bar of unit cross section apart in 
such a way as to form two unit plane surfaces, is equal to twice the 
total surface energy; It is also equal to the force of surface cohesion 
(F gc ) integrated through the distance necessary to pull the two surfaces 
completely apart, or 

J'* CO 
F sc ds 
So 

Energy of cohesion. — The cohesional energy of a solid or a liquid may 
be defined as the energy which would be liberated in the formation of 
the solid or liquid from its individual molecules, the molecules in the 
initial state being placed so far apart that they do not attract each 
other appreciably. This is equal to the latent heat of vaporization plus 
the heat absorbed in the expansion of the vapor until it becomes very 
dilute, minus the external work of vaporization, or it is equal to the 
internal latent heat of vaporization when the liquid is vaporized at 
a low pressure. 
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Internal pressure or cohesion. — The internal pressure of a liquid or a 
solid has been defined as the rate of transfer of momentum across 
a unit plane area inside the liquid or solid; and the average force of 
attraction across this unit area, which is numerically equal to the 
internal pressure, is the cohesional force, or the cohesion. 

While the work and total energy of adhesion and of surface cohesion, 
and the energy of cohesion, may all be obtained from experimental 
results by the use of simple and exact thermodynamic equations, this 
is not true of the internal pressure or cohesion. As a matter of fact, 
there is at present no known means of calculating the cohesion, but 
there are many methods, which do not agree among themselves, of 
calculating from inexact equations, values which for various liquids are 
supposed, when arranged in order of magnitude, to lie in the same 
order in general as the cohesions themselves. In fact, the cohesion is 
often defined as equal to a/v, 2 the pressure correction term in van der 
Waals equation. However, since this equation is far from exact in its 
application to liquids, it is obvious that the cohesion calculated cannot 
represent at all accurately the internal pressure. 

Molecular attraction. — All of the phenomena thus far considered in 
this paper may be considered as due to the attraction between the 
molecules in a liquid or a solid. It is customary to consider the mole- 
cules as spheres or as points, with the attractive forces dependent upon 
the distance between the molecules alone, when they are all alike. It 
has been shown by Harkins, Brown, and Davis, 3 by a measurement of 
the amounts of energy involved, and by Langmuir 4 by a less direct 
method, that the forces around different parts of a molecule may be 
very different in magnitude. Thus in the case of organic compounds 
the forces are very much higher around any groups containing oxygen, 
nitrogen, triple, or double bonds, than they are around the hydrocarbon 
chains. The investigations of Harkins, Grafton and Ewing (these Pro- 
ceedings, 5, 1919,571) show that if organic substances are arranged ac- 
cording to the magnitude of their adhesional surface work toward mer- 
cury, they are not so arranged with respect to water. In this respect the 
adhesional forces seem to have something of the specific nature which 
indicates chemical action, and it is well known that the recent work on 
crystal structure demonstrates that such crystals as those of diamond 
and of graphite are held together by primary valence bonds. Lang- 
muir 4 considers all cohesional and adhesional forces as chemical, while 
van Laar 8 has recently published the results of an extensive series of 
calculations which show that the square root of van der Waals' con- 
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stant of attraction (a) is additive, and therefore comes to the conclusion 
that all such forces are physical. The calculations of Einstein, 5 Klee- 
mann, 6 and of Harkins and Clark, 7 have also given coefficients of atomic 
attraction which are moderately exact constants. Since all of these facts 
when considered together make it probable that cohesional forces are 
often less specific than those involved in ordinary chemical reactions, 
while in many cases they are the same valence forces, it seems to me pre- 
ferable to use neither of the two words, physical or chemical, and to 
consider that cohesion is due to electrical and magnetic, or electromag- 
netic forces, which are probably largely electrical. In a paper 3c on 
"An Electromagnetic Hypothesis of the Kinetics of Heterogeneous 
Equilibrium, the Structure of Liquids, and Cohesion" I have already 
traced a connection between cohesion and the completeness of the 
outer or valence shell, of electrons in the atom or the molecule. The 
cohesion decreases as the completeness of the outer shell of electrons 
in the molecule increases. 

On the relation between cohesion and cohesional and adhesional work 
and energy. — A number of attempts have been made to calculate the 
cohesion, which is the cohesional force per unit area of the cohesional 
pressure, from the cohesional surface work, and this attempt has been 
more or less justified by the fact that the values thus obtained, while 
not good in numerical agreement with those given by a/v*, he on the 
whole in the same relative order. Such calculations have been made 
by Mathews, 9 and by Hildebrand, 10 but neither of them have shown to 
what extent the cohesion and the cohesional surface work are related. 
The term a/v 2 may be said to represent, more or less imperfectly it is 
true, the total effect of the molecular attraction in decreasing the 
external pressure, which decrease is the cohesion. The cohesional sur- 
face work, on the other hand does not represent the total effect of the 
molecular attraction, even as it acts in a surface, since the molecules 
move into the surface not only by means of the energy which is con- 
tributed in the form of work, but also by means of the utilization of the 
kinetic energy of molecular motion, or the latent heat of the surface. 
Thus the formation of the surface of a pure liquid, with the exception 
of a few liquids in which liquid crystal formation is involved, is always 
accompanied by cooling. It is, therefore, the total cohesional surface 
energy and not the related work, which represents the total effect of the 
molecular attraction, or the cohesional effect. 

It may seem remarkable, from the point of view of the last paragraph, 
that the calculation of even the relative . cohesion of liquids 10 from a 
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very simple equation, y/v l/s , where V is the molecular volume, should 
give results which lie in somewhat the correct order. This is un- 
doubtedly because, as shown by Harkins, the contribution of the 
kinetic energy of a molecule to the total energy of the surface, is on 
the whole, independent of the nature of the molecule, — at least for 
such substances as have been used in the calculation of cohesion, — and 
is dependent on the temperature alone. Therefore, so long as the 
molecular volume is nearly the same, and the orientation of the mole- 
cules in the surface is not an important factor, at any definite tem- 
perature the latent heat of the surface is nearly independent of the 
nature of the substance, so that when substances are arranged in the 
order of their cohesional surface work or their free surface energy, they 
are also arranged in the general order of their total surface energy. 

A second method of calculating the cohesion from the cohesional 
work or free surface energy, is based on the well-known assumption of 
Stefan, 11 that the average work involved in bringing a molecule to the 
surface of a liquid, has one-half of the energy value involved on the 
average in its complete vaporization. It is obvious from Stefan's 
paper, that his principle does not involve the work but the total surface 
energy, which is supposed to be one-half of the latent heat of vaporiza- 
tion. That this rule is far from true is indicated by the results of ex- 
tensive calculations by Mr. L. E. Roberts and myself, which show that 
the fractional contribution of the surface energy toward the complete 
vaporization increases with the temperature, with a normal range of 
from one- third at lower temperatures to 0.8 or more as the critical 
temperature is approached, though the higher values are uncertain. 
Thus a molecule which at a high corresponding temperature passes from 
the body of the liquid into the surface, goes, in a fractional sense with 
reference to energy, much more nearly into the vapor state than when 
the corresponding temperature is low. 

Negative surface energy. — The phenomenon of negative surface energy 
was first discovered two years ago by Dr. E. C. H. Davies and me, 
but has not been announced previous to this time in print. Not only 
Donnan, but also Tolman and Wolfgang Ostwald, have assumed the 
existence of a negative surface tension or free surface energy. My own 
investigations have convinced me that the discovery of a negative free 
surface energy for a plane, uncharged surface is improbable, though it 
is quite likely that there is such a phenomenon in the case of highly 
curved phase boundaries. What we have to announce here is the 
discovery of a negative total surface energy for a plane, uncharged sur- 
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face. Thus, contrary to the rule found in the past, the surface or 
interface between octyl alcohol and water gives off energy when it is 
extended, but, nevertheless, the surface cannot be formed without the 
expenditure of work. The apparent contradiction is due to the fact that 
while the molecular motion aids in the formation of an ordinary surface, 
in the case of the interface under discussion the molecular motion hinders 
the extension of the surface. This is in accord with the theory pre- 
sented in our earlier papers, and by Langmuir, that at such an interface 
there is an orientation of the molecules, since the molecular motion 
reduces the extent of the orientation. 

When the interface between octyl alcohol and water is pulled out 
adiabatically there is thus a heating of the surface, while an ordinary 
surface is cooled, so that the potential energy of the molecules is de- 
creased by passing into the alcohol-water interface. The negative sur- 
face energy, is, it is true, very small, with a numerical value of two 
ergs, per sq. cm., while the free surface energy is 8.33, and the latent 
heat is —10.3 ergs. In contrast with this, it is found that the total 
surface energy of the hexane-water interface is not only positive but 
large, with a value of 66.5 ergs. These relations are of considerable 
interest, and their bearing on interfacial structure, which is of great 
importance in physiology, will be discussed in a later paper in the 
Journal of the American Chemical Society. 
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